A review of reliability research for water distribution systems demonstrates that, to date, little is currently available characterizing water quality reliability indices. The incidence of micro-organism-caused outbreaks of waterborne disease demonstrates a number of causes, most of which are the result of water treatment system deficiencies. However, the basis for a change in this situation is projected as a result of the increasing age of distribution system components, increasing urban populations, per capita water demands, and deterioration of water distribution infrastructure. Although there is no universal agreement on how to define, or measure, the reliability of a water distribution system, this Chapter reviews the alternatives for characterizing reliability, demonstrating some of the strengths and weaknesses, and provides areas of future research.
Introduction
In a broad sense, 'reliability' is a measure of the performance of a system. Although alternatives exist, a reasonable definition of the reliability of a system is the probability that the system operates successfully over a specified time. As systems become more complex, issues of reliability increase in importance, including the need/ability to identify areas needing improvement.
As drinking water is essential to human life, society requires water distribution systems to function properly under both normal and abnormal conditions. This means that for a reliable water supply system, water must be (i) available on demand, (ii) delivered at a sufficient pressure for proper use, and (iii) safe in terms of quality. Although reliability of a water supply system in general is a measure of performance in terms of the three factors indicated, undesirable events/failure will occur which will cause a decline or interruption in system performance. The reliability of a water supply system can be considered under three types of failure: mechanical, hydraulic and water quality failure.
Mechanical failures, also termed component failures, may, for example, be pipe breakage, pump failure, power outages, or control valve failure. Changes in demand or in pressure head may result in hydraulic failures. These failures may be due to, for example, old pipes with varying roughness, inadequacy in pipe size due to increased water demands, insufficient pumping capacity, and insufficient in-system storage capacity. Water quality failure may be defined as occurrences where the concentrations of contaminants exceed the maximum contaminant level (MCL) defined by water quality standards. The major concern for water quality failure is the adverse effect on the health of humans.
Due to the importance of water supply systems for the needs of society and for industrial growth, reliability studies have become of increasing importance for water distribution systems where considerations of planning, design and operations are integrated. However, quantifying the reliability of a water supply system continues to be a major problem.
For confident decision-making, a set of meaningful and appropriate reliability measures need to be defined, wherein all the measures must be computationally feasible. Reviews of the literature by Mays (1996) and Engelhardt et al. (2000) revealed that that there is no universal agreement on how to define, or measure, the reliability of a water distribution system. This Chapter reviews the alternatives for characterizing reliability, demonstrating some of the strengths and weaknesses, and provides areas of future research.
Reliability Index
Although no single measure of reliability is universally accepted, alternatives have been suggested depending on the purpose of the reliability study. Published alternative measures include:
1. Index of Potential to Meet Critical Events. If a system can satisfy demand under a defined set of contingencies, for example, the drought of record, or a key component failure, or other emergency loading, the system may be judged to be reliable. This is a very common approach adopted by design practices and this approach usually does not use a quantitative index (e.g. Mays, 2000) ; 2. Availability Indices. Availability can be defined as the probability A(t) that the system is functioning well at time t; e.g. the demand does not exceed available supply or capacity, pressure is in the acceptable range (e.g. Goulter and Coals 1986; Su et al., 1987; Cullinane et al., 1992; Mays et al., 2002; Fujiwara and Tung, 1991; Fujiwara and Li, 1998; Tanyimboh et al., 1999 Mays 1996 Mays , 2002 Gauthier et al., 2000) . 5. Risk Indices. Risk indices have been defined as either the probability of failure only or the product of the failure severity and occurrence probability (e.g. Sadiq et al., 2004; Babovic et al., 2002) . 6. Resilience Indices: Resilience Indices have been defined as the intrinsic capacity of a water distribution system to overcome sudden failures. It can be considered a measure of the combined effect of surplus power and nodal uniformity (e.g. Todini, 2000; Prasad and Park , 2004) . 7. Economic Indices on Failure Consequence. These indices indicate the economic consequences of shortages. Some research also refers to them as vulnerability (Mays, 2000) .
It is recognized that indices focusing on water quality are limited. As is apparent in the above listing, most research has focused on either the mechanical reliability or the hydraulic reliability of water distribution systems. Research on water quality reliability in water distribution systems has generally been addressed in relatively simplistic terms, such as the failure to maintain a certain level of disinfectant residual, and the total time of failure for which the contaminant concentration is above a threshold, both of which are characterizations on the basis of past monitoring. The characterization of water quality problems by these measures is insufficient, since they are neither comparable nor extendable. For example, if concern is with more than one contaminant, there is no mechanism to integrate the concern into an overall index. The authors reviewed a number of reliability studies listed in the references at the end of this Chapter and, from the review, it can be concluded that research on reliability of water quality is less than the research on mechanical and hydraulic reliability. The availability index is a traditional measurement and is still a dominant way to quantify hydraulic reliability. The resilience index proposed by Todini (2000) for hydraulic reliability has been used in design optimization (Prasad and Park, 2004) . For water quality reliability analyses, the scaled risk index proposed by Sadiq et al. (2004) has been found to be the most comprehensive measure to date. It integrates the environmental risk assessment pathway approach into the traditional reliability research by identifying each risk pathway, weighing risk severity and scaling the risk occurrence probability. However, the use of this index depends on establishing a sound and consistent risk scaling and weighting system.
Reliability models for water distribution systems
From our literature review, there are evidently numerous ways that a water distribution system may be unreliable. In general, all failures may be categorized into two major modes:
• component (mechanical) failure; and • performance failure.
As explained in section 7.2, component failure involves the failure of individual network components, e.g. pipes, pumps and valves, while performance failure arises when the design objectives are not satisfied at one or more nodes within the water distribution system in terms of the pressure, flow and quality. Component failure may be largely responsible for performance failure, and decreases the reliability of the performance of a water distribution system. For example, water quality failure may arise as a result of a component failure in the treatment plant, or contamination occurring within the transmission network caused by pipe breakage or leakage. On the other hand, water quality failure may also decrease the component reliability. For example, contaminant intrusion may exacerbate the corrosion of a pipe, form biofilms on the pipe wall, and consequently change the roughness property, and hence reduce the pipe conveyance capacity.
Concepts of Mechanical (Component) Reliability
Mechanical reliability is a basic concept in the system reliability field. It is usually defined as the probability that a component or subcomponent performs its mission for a given period of time (0, t) under a specified condition. In other words, the reliability R(t) of a component may be expressed as the probability that the time to failure T > t, assuming the component is new or repaired at t = 0. The reliability can be expressed as follows:
where f(t) is the probability density function (pdf) of the time to failure. The pdf f(t) may be developed from component failure data, using various statistical methods. The unreliability F(t) of a component is defined as the probability that the component will fail by time t. F(t) can thus be expressed:
Denoting m(t) the failure rate, the probability that a component experiences a failure per unit of time t given that the component was operating at time zero and has survived to time t, m(t) can be also stated to be the probability that a component of age t will fail in the next moment. Therefore, m(t) can be expressed: 
which implies:
The mean time to failure (MTTF) is the expected value of the time to failure, stated mathematically as:
which is expressed in years, days, or hours. The MTTF is the inverse of the failure rate m(t).
In similar fashion, the repair density function describes the random characteristics of the time required to repair a failed component when failure occurs at time zero. The probability of repair, G(t), is the probability that the component repair is completed before time t, given that the component failed at time zero. Note that the repair process starts with a failure at time zero and ends at the completion of the repair at time t. Thus, the mean time to repair (MTTR) is the expected value of the time to repair a failed component, as expressed in Equation 7.7:
Therefore, for a repairable component, the mean time between failures (MTBF) is defined MTBF = MTTF + MTTR (7.8)
A model may be constructed representing the time-to-failure of the entire system based on the lives of the components of which it is composed. A water distribution system normally can be considered in two typical configurations: in series and in parallel. In a series configuration, a failure of any component results in failure for the entire system. The reliability of the system is the probability that unit 1 succeeds, and unit 2 succeeds, and all of the other units in the system succeed. So, all n units must succeed for the system to succeed. If the reliability of each component is independent of all other components, the reliability of the system is given by:
where: s R = reliability of the overall system, and i R = reliability of the unit i, which is functioning.
In a simple parallel system, as shown in Figure 7 .1, at least one of the units must succeed for the system to succeed. Units in parallel are also referred to as redundant units. Redundancy is a very important aspect of system design and reliability, adding redundancy is one of several methods of improving water supply system reliability, for both quantity and quality concerns.
The probability of failure, or unreliability, for a system with n statistically independent parallel components is the probability that unit 1 fails and unit 2 fails, and all of the other units in the system fail. In a parallel system, all n units must fail for the system to fail. In other words, if unit 1 succeeds or unit 2 succeeds or any of the n units succeeds, then the system succeeds. The unreliability of the system may then be written:
F S = unreliability of the system, X i = event of failure of unit i, and P(X i ) = probability of failure of unit i.
In the case where the failure of a component affects the failure rates of other components, then the conditional probabilities in equation (3.10) must be considered. However, in the case of independent components, equation (3.10) becomes:
F S = P(X 1 ) P(X 2 )… P(X n ) (7.11) Or in terms of component unreliability:
Observe the contrast with the series system in which the system reliability was the product of the component reliabilities, whereas the parallel system has the overall system unreliability as the product of the component unreliabilities.
The reliability of the parallel system is then given by:
(7.13) For a larger system, which involves both series and parallel configurations, the reliability of the entire system can be analyzed by calculating the reliabilities for the individual series and parallel sections and then combining them in an appropriate manner.
An application of the above parallel/series reliability to a water system in Japan under earthquake condition was reported by Hosoi and Kido, in 2001. Hosoi and Kido divided the water distribution system into six subsystems. Each subsystem was supplied by a primary reservoir and was further divided into some series-parallel or parallel-series systems by pumping stations and transmission reservoirs. The failure rate of each component in the system was developed from data observed from a previous earthquake event, and then a model was used to estimate the overall reliability for the entire system.
Pipe Deterioration and Pipe Failure Probability
Failures of network components including pipes and pumps are major causes of a network failure. According to Kleiner and Rajani (2001) , pipe systems usually account for up to 80% of the total expenditure of a water supply system. The deterioration of a pipe results in not only high maintenance costs, but also loss of water, and loss of service, as well as reduction of water quality. Among all types of components of a distribution system, pipe failure is the most frequent failure occurrence since most pipes are buried and may be damaged by many factors including heavy traffic, frozen conditions, and earthquakes. A comprehensive review of physical/mechanical models on pipe failure, provided by Rajani and Kleiner (2001) , revealed that a pipe's failure rate is dependent on many variables, including the pipe material, size, construction practices, soil type, age as well as ambient temperature. In particular, pipe material has a large effect on the breakage rate. Additionally, valves and pipe bridges have large effects on the pipeline failure (Hosoi and Kido, 2001 ). Kleiner and Rajani (2001) provide a critical review of the statistical models that have been proposed in the scientific literature to explain, quantify and predict pipe breakage or structural pipe failures. The statistical models are categorized into deterministic, probabilistic multi-variate, and probabilistic single-variate models that are applied to grouped data.
Ben-Akiva and Gopinath (1995) proposed an infrastructure-performance deterioration model to predict the performance of infrastructure facilities as a function of explanatory variables such as inherent infrastructure characteristics (material properties, construction quality), and extraneous characteristics: surrounding environment (e.g. ambient climate, soil types), usage of the facilities etc. Micevski et al. (2002) analyzed 497 pipes around Newcastle in Australia. Their research partly supports the Ben-Akiva and Gopinath methodology wherein they concluded that pipe properties such as diameter and material as well as soil type affect deterioration. The deterioration of smaller pipes was greater than that of larger pipes. Pipes in alluvial soils deteriorate more rapidly than those in podzolic soils. Shamir and Howard (1979) , proposed a model to consider the probability of pipe bursts following an exponential distribution, with the form of: Based on Shamir and Howard results, a number of researchers have used multiple regression models to model and predict the pipe bursts (e.g. Clark et al. 1982; Walski, 1982 ; Goulter et al. 1986; and, Su et al. 1987 ).
Goulter and Kazemi (1988) observed significant temporal and spatial clustering of water main failures through investigating ten years of pipe breakage data in Winnipeg. Evidence was found that a repair event is very likely to trigger a subsequent breakage in close proximity soon thereafter. A non-homogeneous Poisson probability distribution was proposed to predict the probability of subsequent breaks in a pipe, given that the first break had already occurred: where: m = mean number of subsequent failures occurring in the cluster domain, x = number of subsequent failures occurring in the cluster domain, and r(s,t) = failure rate as a function of time t and distance s. Babovic et al. (2002) proposed a data mining approach to derive rule sets for pipe burst analysis. This method combined machine-induced knowledge with human expert knowledge to obtain the combination and alteration of rules from different sources, e.g., human experts, decision tree analysis, and rule induction. This research helped discover the main reasons for failures and helped develop an expert system to increase the predictive accuracy of the pipe burst model. Mays (1996) defines the availability A(t) of a component as the probability that the component is in operating condition at time t, given that the component was as good as new at t = 0. The unavailability, U(t), at time t is the probability that a component is in the failed state at time t, given that it started in the operational state at time zero. This measurement considers pipes as repairable components. Availability is evaluated in terms of developing a required minimum pressure.
Concepts of Hydraulic Availability
Previous work (Goulter and Coals, 1986; Su et al. 1987) proposed the use of a discrete relationship between availability and pressure: HA j = 1 for P j ≥ PR, whereas HA j = 0 for P j ≤ PR, where HA j = hydraulic availability of node j; P j = pressure at node j; and PR = required minimum pressure. Another approach proposed by Cullinane et al. (1992) describes an availability index as a continuous "fuzzy" function.
Models and Techniques to Assess Reliability
In the past three decades, a number of models and techniques developed for assessing the water distribution system reliability have been developed. Mays (2000) 
categorized them into: (i) Simulation Approaches and (ii) Analytical
Approaches. Simulation approaches evaluate the reliability under a range of scenarios, whereas analytical approaches derive the reliability from the parameters which define the loads (or demand) on the network and from the ability of the network to meet those demands.
Simulation Approaches
Monte-Carlo simulation is often employed in the simulation approach usually involving large computational effort. Table 7 .1 lists 20 different measures of reliability for simulation analysis summarized by Wagner et al. (1988b) . The important advantage of simulation approaches over analytical techniques is that simulation approaches permit the use of any reliability measure that can be derived from the hydraulic performance.
Analytical Approaches
Analytical approaches assess the reliability performance based on the network's fundamental parameters (e.g. number of links connected to each node, size of pipes, location of nodes, and demands). Three major and commonly used techniques are:
1. Reachability: the connection of a specific demand node to a source node (e.g. Wagner et al., 1988a, Hosoi and Kido, 2001 ) 2. Connectivity: the connection of every demand node to at least one source (e.g. Wagner et al., 1988a; Fujiwara and Tung, 1991; Hobbs and Beim, 1988) 3. Cut-set: a set of links that, when removed from a network, completely disconnects one or more nodes from the remainder of the network (e.g. Su et al. 1987; Shinstine, et al. 2002) . Goulter(1988) and Jacobs and Goulter (1988) first formally proposed to use graph theory in assessing water distribution system reliability. Since then, graph theory has been applied extensively in analytical approaches (Mays, 2000) . It should be noted that connection of a node is only a necessary, but not sufficient condition, for the node to meet its demands. If a pipe is too small or the pressure is too low, the flow and pressure may not be satisfied at this node. It is thus very important to integrate the graph theory associated with a system's layout aspects with the system's hydraulic aspects in order to evaluate the reliability of a water distribution system properly.
A new concept in analytical modeling was proposed by Todini (2000) . Todini demonstrated the use of a resilience index to measure the reliability of a water distribution system and the performance of redundancy. This approach is based on a set of physical and hydraulic considerations and does not require the statistical inference on the probability distributions of the different types of failure. The main idea is that if the water delivered at each node satisfies the demand in terms of design flow and head exactly when a pipe fails, the original network is transformed into a new one with higher internal energy losses. The immediate consequence is that, in a looped network, more power must be provided at each node in order to have a sufficient surplus to be dissipated internally in case of failures; this surplus then can be used to characterize the resilience of the looped network. 
Water Quality Concerns
As stated previously, the research on water quality reliability has generally been very simplistic and premised on historical measurements as opposed to future potential. However, since a public water supply system may rapidly spread waterborne diseases, safe drinking water represents a crucial element to human survival, and water quality failure is the most unacceptable failure among all the three types of failures.
Many factors may cause water quality to deteriorate between the treatment plant and the consumer. The contributing factors include: chemical and biological quality of source water (Ostfeld et al., 2002) ; effectiveness and efficiency of treatment process (Masago et al., 2002) ; adequacy of the treatment facility, storage facilities, and distribution system; age (Engelhardt et al., 2000) , type, design, and maintenance of the distribution network (Goldman and Mays, 2004) ; and quality of treated water (Masago et al., 2002) . Additionally, mechanical failure and hydraulic failure may contribute to water quality failure. For example, as time passes, the reliability of an aging system is continually decreasing. Deterioration of the water distribution system in many areas has translated into a high proportion of unaccounted-for water caused by leakage. Not only does this amount to loss of a valuable resource, it also raises concern about safe drinking water because of possible contamination arising from cracked pipes. Sadiq et al. (2004) provided a comprehensive framework to characterize the aggregate risk by identifying the risk factors and failure pathways between the treatment plant and the consumer. The water quality failure risk may be quantified by identifying each possible water deterioration pathway. For example, contamination ingress through a cracked pipe caused by pipe deterioration was identified as one pathway; its consequence is thus studied by calculating the probability of its occurrence and severity.
Microbial Quality
Microbial quality change may cause taste-and-odor problems, discoloration, slime growths, and economic problems (Clark and Grayman, 1998) , and, of greatest importance, may increase the likelihood of waterborne disease. For example, pathogens break-through during treatment and ingress through cracked pipes are well-documented causes of waterborne outbreaks of cryptosporidiosis (Graun et al., 1998 ) and E. coli O157 respectively (Swerdlow et al., 1992) . It is thus very important to understand the movement and behavior of microorganisms in a water distribution system in order to plan strategies for meeting the quality objectives in water distribution systems. An important consideration of microorganism exceedance is its regrowth in the water distribution system.
Research has concluded that microbial regrowth is highly dependent on the concentration of AOC (Assimilable Organic Carbon) and nutrients as well as temperature and pH of finished water (Lechevallier et al., 1996; van der Kooij, 1992; Miettinen et al., 1997; Liu et al., 2002; Ferguson and Neden 2001) . Therefore, when microbial regrowth in a distribution system is studied, attention must be given to the quality of source water intake, seasonal temperatures, and the pH value of finished water.
Biofilms play a major role in the microbial characterization of drinking water quality in the distribution system. Not only do biofilms provide a variety of microenvironments for microorganism growth, they are also very important influences on quality and hydraulic consideration in drinking water distribution systems. Firstly, fouling of pipe surfaces due to biofilm formation has been associated with aesthetic problems for the consumers. Secondly, biofilm formation leads to increased head loss in a pipe system, resulting in a reduction in flow rate. Past research has concluded that macromolecules tend to accumulate at solid-liquid interfaces, creating favorable growth conditions. Despite low nutrient concentrations in water, attached bacteria may obtain sufficient nutrients from water flowing through the distribution system.
Disinfectant Residual and Decay
The presence of a disinfectant residual up to the consumer's tap is very important for control of microbial quality in drinking water distribution systems. This residual can limit the viability of microorganisms and prevent them from forming biofilms on pipe walls. Since disinfectants can react with water, pipe wall materials, or biofilms and deposits, longer residence time of a disinfectant results in decreased ability to protect water quality from microbial regrowth and other contamination events. Lund and Ormerod. (1995) provided evidence that the maintenance of free chlorine residual at 0.05mg/L can postpone biofilm formation and sludge production in a distribution system of new plastic pipes. In practice, operational measures to improve the water quality reduce the residence time of a disinfectant by increasing the daily turnover rate of the storage tanks, consequently improving the disinfectant residual. Reducing tank volume and modifying pump programming appear to be the simplest and most efficient changes that can be performed to resolve the low chlorine concentration problem.
Water Quality Reliability Study
Most research considering water quality reliability has focused on the disinfectant residual (e.g. Gauthier et al., 2000; Mays, 2002; Constans et al., 2003; Goldman and Mays, 2004) . In these studies, the water quality reliability is expressed as the probability that the residual of a specified disinfectant is between upper and lower bound concentrations. The upper and lower bound concentrations may vary with time and space (location). Some pumping schedule optimization models have the disinfectant residual reliability added as an additional constraint. The findings of how distribution system components, including pumping stations and storage tanks, influence the water quality also focused on disinfectant aspects, viz. the residence time. An optimized pumping schedule and storage tank size can reduce the residence time and storage daily turnover rate (Mays, 2002; Goldman and Mays, 2004) . Other dimensions of optimization in the operational phase are to optimize the disinfectant booster location, the booster schedule, and booster dose (Boccelli et al., 1998) . Mays (2002) considered water quality reliability from the disinfectant residual perspective. His model evaluated water quality reliability in terms of chlorine residual, considering the water distribution system operation. The objective is to minimize the total energy cost of pumping during time period t. The water quality reliability is treated as two additional constraints. One is the conservation of mass of the chlorine; and the other is the concentration of the chlorine in each pipe at time t, which should be a value between the predefined upper and lower bounds. Since the residual chlorine concentrations are uncertain, they are chosen as independent random variables from the viewpoint of operation. The latter constraint is replaced by a probabilistic statement termed a chance constraint, expressed: ,…,N; t=1, …, T (7.16) where:
LC nt and UC nt = lower bound and upper bound concentrations respectively, N = total nodes in the water system T = pumps working time period, and t C ∂ = performance probability level which can be specified and manipulated to consider the effect of uncertainty. In an application to the City of Austin Northwest B Pressure Zone, the above methodology to optimize the pump operation schedule was adopted and resulted in a minimized pumping cost during a day (Goldman and Mays, 2004) . The case study consisted of three pumps, 126 pipes of approximately 38.5 miles (62 km) in total length, 98 junction nodes of which 5 were pressure "watch points", and one storage tank. The system served about 31,000 residents residing in 32,000 acres (13,000 ha).
A model to evaluate the system reliability against microbial risk was developed by Masago et al. (2002) . Masago et al. conducted an annual infection risk analysis by using the field sampling data of cryptosporidium concentration. Since precipitation is considered as an important factor resulting in the increase in cryptosporidium concentration (Teunis et al. 1997 ), a model of cryptosporidium level increases arising from precipitation was developed and applied. The treatment removal efficiency and its failure pattern were considered. The removal efficiency was represented by a twochoice bionomial model: (a) either good removal (median 99.6%) or (b) a degraded performance (median 70.6%, the probability of occurrence 1.5%). Consumption of unboiled water was considered as following a lognormal distribution with a median value of 0.153L/day. An exponential doseresponse relationship was applied to evaluate the daily infection risk. The annual risk of infection was calculated by:
where:
R y = annual risk R i = risk of infection on the ith day in a year, x = amount of intake cryptosporidium oocysts. .2 shows outbreaks arising from microbiological sources, which occurred in 1997/1998 in the U.S. These outbreaks occurred primarily during the summer and fall months. Figure 7 .3 illustrates the number of waterborne disease outbreaks associated with drinking water, by year. As evidenced in Figure 7 .2, microbiological outbreaks are reported as the majority of waterborne disease outbreaks, and the trend over time appears to be declining numbers of outbreaks. Table 7 .2 lists documented cases of waterborne cryptosporidiosis, as reported by Butler and Mayfield (1996) . It is noteworthy that most reported incidents result from deficiencies in the treatment of the raw water source; few are attributed to contaminated groundwater ingress and/or pipe breakage.
The aging problem of a water distribution system needs to be taken into account when studying the factors which cause water quality deterioration. The effect of aging infrastructure is demonstrated in the Hazen-Williams coefficients listed in Table 7 .3. The implications of these values are that the carrying capacity of a twenty-year old pipe is approximately 60% of the capacity of a new pipe.
Further, Figure 7 .4, which is reproduced using the data provided by Hudson (1966 and 1973) and Clarke et al. (1981) , indicates the reduction over time in carrying capacity of distribution systems. With increasing densities of population, and increasing in water demand per capita, e.g. in Austin, Texas, the water consumption per capita has increased by 6% per year (Mays and Tung, 1992) , the likelihood of low water pressure in water distribution systems will definitely be exacerbated. To quantify the water quality reliability, the first concern is the definition of a meaningful and computationally feasible reliability measure. For example, Mays (2000) defined the water quality reliability as the probability that the concentrations of contaminants do not exceed the maximum contaminant level (MCL), or that residual disinfectant level is above a certain level. Concerns include: a. Development of a failure reliability index. How to integrate the probability with the consequence of a water quality failure. For example, considering two cases, one case with the concentration of 1.5 times of the MCL, and another case with the concentration of 2.0 times of the MCL, how to distinguish between the two cases by using a single reliability measure; and b. Accounting for multiple constituents. If more than one contaminant is studied, how to integrate the different failure probabilities into a single meaningful reliability measure. To reach a rational solution, a comprehensive risk rating system may need to be established and applied in the water quality reliability study.
Conclusions and Future Research
This chapter has reviewed the development of reliability studies on water distribution systems. To date, most research of network reliability has focused on mechanical failure and hydraulic failure. While a number of reliability models have been developed to conduct mechanical and/or hydraulic reliability analysis (e.g. Goulter and Coals, 1986; Su et al., 1987 , Wagner et al., 1988a and 1988b Hobbs and Beim, 1988; Mays, 1996; Xu et al., 1998; Ostfeld 2001; Engelhardt et al., 2000; Todini, 2000; Hosoi and Kido, 2001; Shinstine et al., 2002; Kalungi and Tanyimboh, 2003) , the literature on water quality failures, and reliability has been significantly less. As a public water supply system is one of the easiest ways for the spread of waterborne diseases, safe drinking water is a crucial element to human survival, and more information is needed. Waterborne pathogens and chemical contaminants may result in significant morbidity and mortality.
To quantify the water quality reliability, water quality modeling tools need to be incorporated. Scenario-based simulation approaches will play a significant role in water quality reliability studies. Additionally, mechanical failures and hydraulic failures may be causative factors for water quality failures. Past research on mechanical failures and hydraulic failures provide a good basis for water quality reliability assessment. Comprehensive water quality reliability measures and protocols need to be defined and established.
